Understanding and exploiting the remarkable optical and electronic properties of phosphorene require mass production methods that avoid chemical degradation. Although solution-based strategies have been developed for scalable exfoliation of black phosphorus, these techniques have thus far used anhydrous organic solvents in an effort to minimize exposure to known oxidants, but at the cost of limited exfoliation yield and flake size distribution. Here, we present an alternative phosphorene production method based on surfactant-assisted exfoliation and postprocessing of black phosphorus in deoxygenated water. From comprehensive microscopic and spectroscopic analysis, this approach is shown to yield phosphorene dispersions that are stable, highly concentrated, and comparable to micromechanically exfoliated phosphorene in structure and chemistry. Due to the high exfoliation efficiency of this process, the resulting phosphorene flakes are thinner than anhydrous organic solvent dispersions, thus allowing the observation of layer-dependent photoluminescence down to the monolayer limit. Furthermore, to demonstrate preservation of electronic properties following solution processing, the aqueous-exfoliated phosphorene flakes are used in field-effect transistors with high drive currents and current modulation ratios. Overall, this method enables the isolation and mass production of few-layer phosphorene, which will accelerate ongoing efforts to realize a diverse range of phosphorenebased applications.
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black phosphorus | deoxygenated water | liquid phase exfoliation | photoluminescence | field-effect transistor F ew-layer phosphorene (FL-P) isolated by micromechanical exfoliation has been widely studied both fundamentally and in applications such as high-performance electronic and optoelectronic devices (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Although micromechanical exfoliation provides individual, high-quality FL-P flakes, this technique lacks scalability and is not amenable to large-area applications. Conventional approaches for mass production of 2D nanomaterials involve chemical vapor deposition (CVD) and liquid phase exfoliation (LPE). Whereas CVD growth of black phosphorus (BP) thin films is hindered by challenges with molecular precursors and extreme growth conditions (12) , LPE of BP has been demonstrated and used for the large-scale deposition of thin films akin to the approaches for other 2D nanomaterials (13) (14) (15) (16) (17) . Specifically, stable BP dispersions have been produced by LPE using high-boiling-point solvents including N-methyl-2-pyrrolidone (NMP), dimethylformamide, dimethyl sulfoxide, and N-cyclohexyl-2-pyrrolidone (18) (19) (20) (21) . With these anhydrous organic solvents, chemical degradation from ambient O 2 and water (11) are avoided, but the exfoliation yield and flake size distribution are suboptimal, especially compared with the results that have been achieved with other 2D nanomaterials using stabilizing surfactants in aqueous solutions (16) . Furthermore, organic solvents have limited compatibility with methods such as ultracentrifugation for structural fine tuning and sorting, and their high boiling points and safety issues present postprocessing challenges (13, 15) .
Here, we establish a scalable, high-yield, and environmentally benign method for preparing FL-P via ultrasonication in deoxygenated water. Fig. 1A depicts the procedure for obtaining FL-P enriched dispersions. To minimize BP chemical degradation, deoxygenated water is prepared by purging deionized water with ultrahigh-purity Ar gas in a sealed container (18, 22) . Bulk BP crystals (SI Appendix, Methods) are then exfoliated with tip ultrasonication in a vessel sealed in an Ar environment that contains deoxygenated water with 2% (wt/vol) SDS (SDS). For FL-P enrichment, as-prepared BP solutions undergo two steps of sedimentation-based ultracentrifugation to isolate thin flakes with relatively large lateral area (SI Appendix, Methods). Initially, the as-exfoliated solution is dark brown (Fig. 1B, Left) , softening to light pale yellow after solution dilution and thick flake removal (Fig. 1B, Right) .
The chemical, structural, and optical properties of the resulting FL-P solutions are ascertained through transmission electron microscopy (TEM), Raman spectroscopy, photoluminescence (PL) spectroscopy, and X-ray photoelectron spectroscopy (XPS). Fig. 1C shows a representative, low-magnification TEM image of an FL-P nanosheet, and the high-resolution TEM (HRTEM) image of Fig. 1D reveals the atomic structure. Selected area electron diffraction (SAED) patterns (Fig. 1E) confirm that the FL-P nanosheets are crystalline and orthorhombic in structure. The HRTEM Significance Few-layered phosphorene, which is isolated through exfoliation from black phosphorus, has attracted great interest due to its unique electronic and optical properties. Although solutionbased exfoliation methods have been developed for black phosphorus, these techniques have thus far used anhydrous organic solvents. This approach minimizes exposure to known oxidizing species, but at the cost of limited exfoliation yield and relatively thick flakes. Here, we overcome these limitations by using stabilizing surfactants in deoxygenated water, which results in phosphorene down to the monolayer limit. The resulting aqueous phosphorene dispersions show layerdependent photoluminescence and enable high-performance field-effect transistors. Overall, this approach holds promise for the solution-phase production of few-layered phosphorene in emerging large-volume applications including electronics and optoelectronics. dispersions indicative of FL-P enrichment in our process (SI Appendix, Fig. S1 ) (4) . A visible (Si CCD) PL spectrum of the FL-P dispersion taken with 532-nm excitation reveals an emission peak at ∼1.37 eV, consistent with previous reports for monolayer phosphorene ( Fig. 1G) (7) . Finally, the chemical quality of the FL-P flakes is assessed using XPS in Fig. 1H . XPS shows that FL-P exhibits the P 2p 3/2 and P 2p 1/2 doublet, characteristic of crystalline BP. Weak oxidized phosphorus (i.e., PO x ) subbands are also observed at ∼136 eV, in agreement with previous measurements of electronic-grade BP (11, 18, 23, 24) . XPS taken on FL-P prepared with other conventional surfactants (e.g., Pluronic F68 and sodium cholate) displays similar results (SI Appendix, Fig. S2 ).
Although BP has been described as highly hydrophilic (25), the FL-P dispersion is only stabilized with the incorporation of amphiphilic surfactants in aqueous solution, similar to other hydrophobic 2D nanomaterials (13) (14) (15) (16) (17) . BP dispersions prepared with SDS and without SDS were sealed with Ar and left to settle overnight. Whereas an aqueous BP dispersion prepared with SDS results in a stable dark-brown solution ( Fig. 2A, Left) , BP dispersed in water without surfactants precipitates quickly ( Fig. 2A, Right) . To clarify this apparent contradiction, the hydrophilicity of the BP surface was measured with contact angle measurements on a freshly cleaved flat BP crystal. Fig. 2B shows that, immediately following exfoliation, the BP surface has an average contact angle of ∼57°, indicating that the hydrophilicity of BP is between graphene oxide (∼27°) and other 2D nanomaterials (∼90°) such as graphene and transition metal dichalcogenides (14, 26) . From the dispersions in Fig. 2A , the supernatants were carefully decanted and used for optical absorbance and zeta potential measurements. From the higher optical absorbance (Fig. 2C ) and lower zeta potential value (Fig. 2D) , the relatively hydrophobic, freshly exfoliated BP nanosheets are stabilized in aqueous solution with amphiphilic surfactants in a manner analogous to other 2D nanomaterials. Most 2D nanomaterials show high exfoliation yield and stability when dispersed with surfactants in aqueous solution compared with surfactant-free organic solvents (13, 15) . To investigate this stability trend with BP, LPE in both SDS water and NMP was performed under identical exfoliation and centrifugation conditions. Centrifugation in each case occurred in steps ranging from 500 rpm (23 × g) to 15,000 rpm (20,879 × g) using a tabletop centrifuge (Eppendorf Microcentrifuge 5424) to compare the concentration of the resulting dispersions. Fig. 2E and 2F show that the BP dispersion in NMP possesses a lighter yellow color, indicative of a lower concentration, compared with BP in SDS water. The actual concentration of BP in SDS water was calculated from the optical absorbance at 660 nm using the measured extinction coefficient shown in the SI Appendix, Fig. S3 (the extinction coefficient that was used for BP in NMP was reported in ref. 6 ). This analysis concluded that the concentration of BP in SDS water is approximately an order of magnitude higher than that of BP in NMP after centrifuging at 15,000 rpm (20,900 × g) using a tabletop centrifuge (Eppendorf Microcentrifuge 5424) (Fig. 2G ) (18) . Atomic force microscopy (AFM) images of BP exfoliated in SDS-water (red) and NMP (green) followed by 7,500 rpm (10,400 × g) centrifugation using an Avanti J-26XPI (Beckman Coulter) are shown in Fig. 2H and 2I. The thickness histogram in Fig. 2J reveals that FL-P nanosheets prepared in SDS water have a tighter thickness distribution and thinner average thickness (4.5 nm compared with 17.6 nm) than BP prepared in NMP. Additional thickness and area histograms for FL-P prepared in SDS water with smaller bins are provided in SI Appendix, Fig. S4 . These results illustrate the effectiveness of aqueous surfactant solutions for producing thin FL-P nanosheets compared with organic solvents.
Following FL-P solution preparation, optical absorbance spectra were measured (Fig. 3A) . A higher-resolution optical absorbance spectrum shows two peaks between 900 nm and 1,250 nm (Fig. 3A, Inset) , which is consistent with previous reports for monolayer and bilayer phosphorene (19) . PL spectroscopy was also performed on the FL-P solution using an excitation wavelength of 532 nm and an Si CCD for emission wavelengths up to 1,000 nm and a N 2 -cooled InGaAs array for emission wavelengths between 1,000 nm and 1,600 nm. In Fig. 3B , the measured PL spectra were fit with Gaussian functions at peak positions of ∼907 nm (red area), ∼1,215 nm (orange area), and ∼1,428 nm (green area) (7, 27) . To correlate these peak positions with the number of phosphorene layers, micromechanically exfoliated BP flakes were prepared on a 300-nm SiO 2 /Si substrate and then passivated with thin Al 2 O 3 films (11). PL spectra and corresponding optical microscopy images for flakes ranging in thickness between one layer (1L) and five layers (5L) are shown in SI Appendix, Figs. S5-S8. Based on the PL peak positions measured for the micromechanically exfoliated BP flakes, the peaks at ∼907 nm, ∼1,215 nm, and ∼1,428 nm from the FL-P dispersion (Fig. 3B) are assigned to 1L, 2L, and 3L+ phosphorene, respectively.
Additionally, solid-state PL spectra were measured on FL-P aggregates deposited onto an SiO 2 /Si substrate using an excitation wavelength of 532 nm. The measured PL spectra have a 1L peak position at ∼909 nm, as shown in SI Appendix, Fig. S9A . In SI Appendix, Fig. S10 , additional peaks were observed for 2L at ∼1,261 nm and 3L+ at ∼1,459 nm, ∼1,528 nm, and ∼1,588 nm using a thermoelectrically cooled InGaAs array. The positions of the PL peaks from FL-P are indicated in SI Appendix, Table S1 . The peak position differences between the liquid-phase sample PL spectra of FL-P aqueous dispersions. Three peaks corresponding to monolayer, bilayer, and three-plus-layer phosphorene are observed at ∼907 nm, ∼1,215 nm, and ∼1,428 nm, respectively. (C ) PL spectra of FL-P dispersions (red) and O 2 -exposed FL-P dispersions (blue) and XPS spectra of O 2 -exposed FL-P dispersions.
and the solid-state sample can be attributed to the different dielectric screening from the surrounding environment (7, 28) . To verify that the observed PL is not defect-mediated (29, 30), FL-P aggregates were exposed to UV ozone to intentionally introduce oxygen defects. As the UV ozone exposure time increases, the PL emission intensity at ∼909 nm decreases and a PO x defectmediated emission peak emerges at ∼780 nm (SI Appendix, Fig.  S9D ). The emission intensities at ∼909 nm (red curve) and ∼780 nm (green curve) are plotted as a function of UV ozone exposure time, with the 909-nm peak monotonically decreasing as the FL-P is oxidized, and the 780-nm peak initially increasing in intensity due to increased defect concentration and ultimately decaying due to the complete destruction of the material (SI Appendix, Fig.  S9E ). This observation corresponds closely to the time evolution of PL with respect to photooxidation time for micromechanically exfoliated BP (SI Appendix, Fig. S5D ). Furthermore, PL spectra were measured under the same excitation conditions on the FL-P dispersion before (red area) and after oxidation introduced by O 2 gas bubbling (blue area). Following oxidation, the FL-P shows significantly decreases in PL intensity (Fig. 3C , Left) in addition to substantial increases in the PO x XPS peak (Fig. 3C, Right) . Consequently, the PL peaks observed in Fig. 3B can be attributed to 1L, 2L, and 3L+ phosphorene as opposed to defects introduced by solution processing.
To explore the electrical properties of individual FL-P nanosheets, field-effect transistors (FETs) were fabricated by electron-beam lithography (EBL). Before FET fabrication, lateral size sorting of the FL-P solution was performed to enrich large FL-P nanosheets that can bridge the 200-nm electrode gap. Lateral size sorting of the FL-P solution was achieved by sedimentation-based density gradient ultracentrifugation (s-DGU). Three milliliters of as-prepared FL-P dispersion was carefully placed on top of a 10-mL linear density gradient (1.05-1.10 g·cm
) formed using deoxygenated iodixanol that was loaded with 2% (wt/vol) SDS. Ultracentrifugation was then performed at 10,000 rpm for 1 h at 22°C using a SW41 Ti rotor (Beckman-Coulter). Following ultracentrifugation, fractionation was achieved using a piston gradient fractionator (BioComp Instruments). By using s-DGU, the average flake area was tuned by over an order of magnitude (Fig. 4A) . Each fraction (f) (f1 to f6 from the top to the bottom of the centrifuge tube) was collected and deposited onto Si substrates for AFM measurements. The AFM images of f1, f3, and f5 clearly show the size differences between each fraction (SI Appendix, Fig. S11 ). From the AFM measurements, the average areas of f3 to f6 were found to be appropriate for FET fabrication (Fig. 4B) .
To prepare arrays of the FL-P nanosheets, fractions f3 to f6 were collected on anodic aluminum oxide membranes by vacuum filtration, rinsed with deoxygenated water to remove excess surfactant (SI Appendix, Figs. S12 and S13 for AFM and XPS measurements before and after deoxygenated water rinsing), and transferred onto degenerately doped Si substrates coated with 20 nm of atomic layer deposition Al 2 O 3 or HfO 2 . Following the FL-P transfer, Au/Ni electrodes of 10 μm width and 200 nm length were patterned using EBL. A false-colored SEM image (Fig. 4C) shows several FL-P nanosheets (green) connected in parallel between two electrodes (yellow). FET output and transfer curves (Fig. 4 D and E) reveal ambipolar behavior for FL-P with a current modulation (I ON /I OFF ratio) of ∼5 × 10 3 and maximum drive current (I DS ) of ∼130 μA μm −1 at V DS = 1 V (the transfer curve for the forward and reverse gate voltage sweep is shown in SI Appendix, Fig. S14 ). Histograms of the maximum drive current and current modulation from several FL-P FETs are shown in SI Appendix, Fig. S15 . For comparison, I ON /I OFF ratio and maximum I DS values for BP FETs from the recent literature (both micromechanically exfoliated and organic solvent-exfoliated) (2, 5, 11, 18, (31) (32) (33) are plotted in Fig. 4F . Results from the FL-P device from Fig. 4E are also shown as a yellow star on this plot. Because the upper right-hand corner of this plot represents an optimal combined performance from the perspective of maximum drive current and current modulation, it is evident that aqueous-exfoliated FL-P compares favorably with competing BP exfoliation methods from the perspectives of electronic properties and utility for electronic devices.
In summary, effective exfoliation of FL-P nanosheets has been achieved by ultrasonication in deoxygenated water stabilized with surfactants. This method results in stable, highly concentrated few-layer phosphorene with distinct advantages compared with exfoliation in organic solvents. Comprehensive microscopic and spectroscopic analysis shows that individual FL-P nanosheets possess properties comparable to micromechanically exfoliated BP flakes without chemical degradation following aqueous processing. For example, PL measurements demonstrate that FL-P aqueous dispersions show strong visible and near-infrared emission that is characteristic of 1L, 2L, and 3L+ phosphorene. FL-P aqueous dispersions are also amenable to further size sorting by s-DGU, which allows for the enrichment of flakes with large lateral areas suitable for FET fabrication. The resulting FETs confirm that aqueous-exfoliated FL-P can be incorporated into electronic devices with performance metrics competitive with the best BP transistors to date. This demonstration of a scalable and environmentally friendly approach for isolating optically and electronically active phosphorene in aqueous solution will foster the development of phosphorene-based technologies in addition to suggesting a general methodology for exploring other chemically sensitive nanomaterials. 
